Protein ADP-ribosylation is a highly dynamic posttranslational modification. The rapid turnover is achieved, among others, by ADP-(ribosyl)hydrolases (ARHs), an ancient family of enzymes that reverses this modification. Recently ARHs came into focus due to their role as regulators of cellular stresses and tumor suppressors. Here we present a comprehensive structural analysis of the enzymatically active family members ARH1 and ARH3. These two enzymes have very distinct substrate requirements. Our data show that binding of the adenosine ribose moiety is highly diverged between the two enzymes, whereas the active sites harboring the distal ribose closely resemble each other. Despite this apparent similarity, we elucidate the structural basis for the selective inhibition of ARH3 by the ADP-ribose analogues ADP-HPD and arginine-ADP-ribose. Together, our biochemical and structural work provides important insights into the mode of enzyme-ligand interaction, helps to understand differences in their catalytic behavior, and provides useful tools for targeted drug design.
Correspondence ivan.ahel@path.ox.ac.uk In Brief Rack et al. describe the atomic resolution structures of the (ADP-ribosyl)hydrolases ARH1 and ARH3 in their ligand and inhibitor bond forms. The structures provide a molecular basis for their differential inhibition by these inhibitors and may aid ongoing efforts to elucidate the physiological function of ARH1/3.
INTRODUCTION
ADP-ribosylation is a dynamic post-translational modification involved in the regulation of a wide variety of cellular processes, including DNA damage response (DDR), aging, immunity, bacterial metabolism, and many others (Fehr et al., 2017; Gupte et al., 2017; Palazzo et al., 2017) . It is established by the stereospecific transfer of ADP-ribose (ADPr) from b-NAD + onto a target residue, which results in the formation of an a-anomeric ADP-ribosylated amino acid and the release of nicotinamide (Sung, 2015) . In eukaryotes, this reaction is catalyzed by two distinct families of ADP-ribosyltransferases (ARTs) classified by their catalytic motifs as well as their relationship to bacterial exotoxins: (1) cholera toxin-like ARTs (ARTC) containing an R-S-E motif and (2) diphtheria toxin-like ARTs (PARPs, also called ARTDs) containing an H-Y-E motif (Hottiger et al., 2010; Palazzo et al., 2017) . Modification of residues containing acidic (glutamate/ aspartate), basic (arginine/lysine), hydroxyl (serine), and thiol (cysteine) moieties have been described (Cohen and Chang, 2018; Leidecker et al., 2016; Vyas et al., 2014) . Specificity for these residues is partially the result of distinct structural arrangements in the ART catalytic domain, with ARTCs usually catalyzing the transfer onto arginine residues and PARPs usually modifying acidic residues (Crawford et al., 2018; Laing et al., 2011) . Recently, we have shown that for PARPs this canonical activity can be altered in the mammalian DDR through the formation of a complex of PARP1 or PARP2 with histone PARylation factor 1 (HPF1), which leads to a preference for serine modification in many proteins involved in the maintenance of genomic stability Gibbs-Seymour et al., 2016) . In addition, a subset of PARPs can transfer further ADPr units onto the initial modification, forming polymers of ADPr units, known as poly(ADP-ribosyl) (PAR) modification ( Figure 1A ) (D'Amours et al., 1999) . Reversal of the bulk of PAR modification is mediated by poly(ADP-ribosyl)glycohydrolase (PARG) converting the polymer chain to a mono(ADP-ribosyl) (MAR) modification (Lin et al., 1997; Slade et al., 2011) . PARG is unable to efficiently cleave the protein-linked ADPr moiety (Slade et al., 2011) , which requires a number of other hydrolases. For example, linkages to glutamate/aspartate are hydrolyzed by macrodomain proteins Rosenthal et al., 2013; Sharifi et al., 2013) , whereas linkages to arginine and serine are cleaved by ARH1 and ARH3, respectively, two members of the structurally unrelated (ADP-ribosyl)hydrolases (ARHs) family Moss et al., 1988) (Figure 1A ). In addition, ARH3 can cleave PAR chains, 1 00 -O-acetyl-ADPr and ADPr at the phosphorylated DNA ends, although these activities have not been confirmed in vivo so far Munnur and Ahel, 2017; Ono et al., 2006) .
Macrodomains are structurally well characterized and several structures are available of their apo-and ligand-bound forms, including at least one representative of each macrodomain class found in humans (MacroH2A-like, MacroD-type, ALC-like and PARG-like) (reviewed in Barkauskaite et al., 2015; Rack et al., 2016) . In contrast, eukaryotic ARH family members are poorly understood and thus far only apo structures for ARH3 are available in the literature , and one unpublished ADP-bound structure of ARH1 is deposited in the Protein Databank (PDB: 3HFW).
Although ARHs catalyze reactions that appear to be unique in higher organisms, very little is known about their physiological function. So far we know that ARH1 knockout mice present an increased rate of tumorigenesis, as well as a higher susceptibility to bacterial infections involving ARTC-type exotoxins (Kato et al., 2007 (Kato et al., , 2011 . ARH3 plays a role in neurodegenerative disorders, the oxidative stress response and DDR (Ghosh et al., 2018; Mashimo et al., 2013; Palazzo et al., 2018) . Mouse embryonic fibroblasts derived from ARH3 À/À mice are susceptible to hydrogen peroxide-induced cell death, while human cells deficient in ARH3 exhibit increased levels of serine MARylation (Mashimo et al., 2013; Palazzo et al., 2018) . Little is known about the third family member, ARH2, but recent reports showed that it is primarily expressed in heart tissue and appears to be involved in the regulation of heart chamber outgrowth .
Here we present structures of both ARH1 and ARH3 in their ligand-bound forms and provide evidence for their different modes of substrate recognition as well as selective inhibition by ADPr analogues. We demonstrate that ARH3, but not (A) Scheme of vertebrate ADP-ribosylation reactions. The modification of a target protein can occur as MARylation on arginine residues (orange) catalyzed by ARTCs, as well as MARylation and PARylation on glutamate/aspartate (blue) and serine (green) residues catalyzed by PARPs. Arginine de-modification is catalyzed by ARH1, PARylation is removed by PARG and to a lesser extend ARH3, MARylation on glutamate/aspartate residues is hydrolyzed by macrodomain proteins, whereas the terminal modification on serine residues is removed by ARH3. ARH1, is inhibited by ADP-HPD and elucidate the molecular basis for this difference. Together, our data provide the important insights into the mode of substrate recognition and reveal features important for substrate selectivity of (ADP-ribosyl) hydrolases.
RESULTS
In order to unveil details about the selective modes of ligand recognition and catalytic mechanisms of ARH family members, we aimed to produce the crystal structures of both ARH1 and ARH3 with their endogenous ligand. As demonstrated earlier, production of crystals of human ARH3 (hARH3) containing ADPr proved to be very challenging Mueller-Dieckmann et al., 2006) . Therefore, we used a combination of sequence analysis, protein crystallizability prediction (XtalPred, http://ffas.burnham.org/XtalPred-cgi/xtal.pl) (Slabinski et al., 2007) and biochemical analysis to identify suitable orthologous targets. We selected ARH3 orthologues with high similarity to the human protein from the bird great tit (Parus major; PmaARH3), tropical clawed frog (Xenopus tropicalis; XtrARH3) and fish gombessa (West Indian Ocean coelacanth, Latimeria chalumnae; LchARH3) ( Figure 1B ) and screened the properties of these enzymes. All three proteins efficiently removed serine MARylation, with somewhat varying activities against PAR ( Figure 1C ). We then solved the crystal structures of apo-and ADPr-bound LchARH3, as well as the structure of the hARH1:ADPr complex (Table 1) . LchARH3 and hARH1 share low sequence conservation (20.1% identity, 33.4% similarity) and an overall structural root mean square deviation (RMSD) of 3.2 Å over 160 C a . Despite this divergence, models of both enzymes follow the earlier observed fold of a tightly packed, mainly a-orthogonal bundle separated into four quasidomains (A-D) with a binuclear Mg 2+ center ( Figures 1D and 1E ). Initial crystals of LchARH3 had only one Mg 2+ ion bound (isostructural to Mg I in ARH1, Figure S1A ). Later crystals were grown in the presence of MgCl 2 , which promoted coordination of a second Mg 2+ ion in the LchARH3:ADPr structure, but not the apo form. The structures are complete with the exception of a loop region between residues Gly210 and Lys228 for which no electron density could be observed. Comparison of our models with the closest relatives in the PDB showed little divergence from previously solved structures (Table S1 ).
ADPr Coordination
The binding of the reaction product (ADPr) by hARH1 and LchARH3 has two distinct aspects: The recognition of the adenosine-proximal ribose group differs greatly between the two enzymes, whereas the pyrophosphate-distal ribose recognition is highly similar. Coordination of ADPr in LchARH3 is primarily achieved via contacts with quasidomains B and C ( Figures 1D,  1E , S1F, and S2A). The adenosine moiety is held between Phe129 and Tyr135 by p-stacking interactions as well as polar contacts with Gly133, Ser134, and Tyr135, while the pyrophosphate makes extensive contact to the protein backbone (Gly105, Val106, and Gly138) and side chains (Ser134 and His168). This arrangement positions the 2 0 and 3 0 OH groups of the proximal ribose to face out of the ligand binding cleft and toward the aqueous environment with only a single protein contact (Gly105 with 3 0 OH; Figures 1E and S1F). Comparison with the native structure shows that Gly103/Ala104/Gly105, which are part of loop 4 transitioning into helix a5, move out of the active site to accommodate the proximal ribose. In the native structure the closed conformation is stabilized by a co-crystallized citrate molecule, which interacts with Gly103 via its hydroxyl group and mimics the P b contacts of ADPr to His167 and Gly138 via one of its carboxyl moieties ( Figure S1B ). In the hARH1:ADPr complex, the interactions of the adenosine and proximal ribose occur primarily through quasidomain D due to a relative movement of the adenosine moiety by 8.4 Å and a rotation of $105 (Figures1D, 1E, S1E, and S2B). The adenosine group lies against the protein surface and interacts directly with Ser124, Gly127, and Ser270, while the interaction with Thr167 is bridged via a water molecule (w570). The environment-facing site is shielded by p stacking with Tyr263. The latter is part of a rigid adenosine binding loop (Ser262 to Gly271) which is stabilized by the presence of two structural water molecules (w577 and w618) and coordinates the proximal ribose via the 2 0 and 3 0 OH. The pyrophosphate coordination is comparable in its arrangement with ARH3 and involves interactions with the buried residues Gly130 and His163, which are absolutely conserved in both ARH1 and ARH3 ( Figure S3 ), as well as a short non-conserved surface motif (Gly101/Ala102/Ser103). In contrast to ARH3, the latter are not part of a loop, but form the first turn of helix a8.
The different modes of interaction of the proximal ribose units in ARH1 and ARH3 have an important functional implication: exposure of the ribose to the aqueous environment in ARH3 allows the accommodation of consecutive ADPr units, which suggests an ability to accommodate both endo-chain linkages and protein-linked chains, whereas the tight coordination of the 2 0 OH in ARH1 makes such a continuation less favorable.
Magnesium Coordination and Active Site
The active sites of hARH1 and LchARH3 are structurally very similar and contain residues for the coordination of two Mg 2+ ions. Coordination of Mg I occurs between quasidomains A and B, whereas Mg II is coordinated solely by residues from quasidomain A ( Figure 1D ). The coordination motifs are only slightly diverged, but nevertheless distinct, between ARH1 (E . SDDT . DSDS) and ARH3 (E . [T/S]DDT . DTDT) (residues coordinating Mg I are given in bold and Mg II in italic) (Figures S3 and 3A) . The motif aspartates are required to compensate the charge of Mg 2+ ions and allow the tight packing of the ARH binuclear centers (average Mg-Mg distance of all available ARH structures: 3.66 ± 0.18 Å ) (Yang et al., 2008) . All observed Mg 2+ ions have octahedral coordination involving the indicated residues, water molecules, and, in the case of the ADPr-containing structures, distal ribose hydroxyl moieties ( Figure 2A , Table  S2 ). Comparison of the magnesium coordination with other solved ARH3 structures revealed variation in the first coordination sphere of Mg II with one ligand site either occupied by the carboxylic acid oxygen of an absolutely conserved glutamate residue (Glu33 in LchARH3) or a water molecule ( Figure S1C ). Takada et al., 1993) . In order to test this hypothesis, we performed de-MARylation assays with wild-type (WT) and mutants of hARH1 and LchARH3 ( Figures  2B and 2C ). The activity of both enzymes is abolished upon mutation of even a single Mg 2+ coordinating residue, hence strongly suggesting that the coordination of two metal ions is necessary for catalysis. To further investigate the metaldependence of ARH3, we removed the magnesium ions from the protein by dialysis against ethylenediaminetetraacetate (EDTA). This treatment inactivated ARH3 through the removal of Mg II , as validated by crystallization of LchARH3 (data not shown). Full activity could be restored by addition of magnesium to the reaction ( Figure S2C ). Next we tested whether supplementation with different metal salts had an influence on catalytic activity and protein stability ( Figures 2D and 2E ). From the tested metal panel, only magnesium and manganese were able to support hydrolysis of Ser-ADPr and PAR ( Figures 2D and S4A ). Interestingly, calcium and manganese led to a significant increase in the thermal stability of both human and gombessa ARH3, whereas magnesium had only an influence on the stability of LchARH3 ( Figure 2E , Table 3 ). The occupation of the Mg I site after EDTA treatment suggests that its primary function is structural, whereas restoration of the hydrolase activity after Mg 2+ -supplementation implies a catalytic role of Mg II .
These findings make it tempting to speculate that the dynamic occupation of the Mg II site may have evolved as a regulatory mechanism. Our structural data further suggest that the presence of both Mg 2+ ions is required for the correct positioning of the distal ribose. In the hARH1 model, the 2 00 OH is located between and coordinated by both Mg 2+ ions, while the 3 00 OH makes contact with Mg II as well as Asp302. In the electron density map, we observed positive density extending from the a-face of the anomeric carbon ( Figure 2J ). Similar densities could be observed in several crystals (data not shown). Earlier reports indicate that the reversal of the hydrolysis reaction of ARHs is possible under crystallographic conditions (Berthold et al., 2009) , suggesting that the ADPr could have reacted with another molecule in the crystallization solution. Despite extensive screening of all known crystallization components and potential reaction products (including arginine and lysine), we were unable to identify the chemical nature of the missing entity. Yet, presence of this density supports the notion that the modeled ADPr is in a catalytically meaningful conformation. Comparison of the hARH1:ADPr (PDB: 6G28, this study) and hARH1:ADP (PDB: 3HFW) structures revealed conformational changes close to the active site, which are, however, not the results of the presence of the distal ribose, but the presence of a potassium ion in the hARH1:ADP structure ( Figure S1D , Table S2 ). The K + ion distorts helix a2
and draws the residues closer to the active site, leading to the backbone displacement of residues Lys23 to Gln28 with residues Glu25, Phe26, and Leu27 showing the largest C a differences (4.1, 4.8, and 2.8 Å , respectively). See also S5A , and S5C). Moreover, the absolutely conserved Gln137 interacts with the Mg II coordinating residue Asp303, which fixes the position of the similarly conserved Ile260 and provides shielding for C4 00 and C5 00 of the distal ribose within the complex. Comparison of LchARH3 with the apo forms of mARH3 (PDB: 2QTY) and hARH3 (PDB: 2FOZ) showed no backbone or sidechain conformational changes in the active site.
We further analyzed our models for potential peptide/protein binding surfaces. The structure of LchARH3 presents an extended cleft running from the quasidomain A/B interface through the active site and along the quasidomain A/D interface ( Figures 1D, 2K , and S6B). In particular, the A/B interface contains several highly conserved residues, including Tyr60, Arg100, and Gly101 ( Figures S3 and S6B ). While containing fewer conserved residues, comparison of LchARH3 with mARH3 and hARH3 shows that the cleft along the A/D interface is structurally conserved. In contrast, the model of hARH1 shows no obvious binding clefts ( Figures 2K and S6A ), which suggests that endogenous substrate binding may require conformational changes. The A/B interface is closed due to the presence of helix a2, which allows interaction between Tyr19, Arg52, and Gly96 and is absent in LchARH3 (Figure S2A ), as well as increased shielding of Mg I due to the presence of Ala98 and Pro99 (the isostructural position is nearly exclusively occupied by a single glycine; Gly101 in LchARH3) (Figures S3 and S6A) . On the other hand, the A/D interface presents similar features as in ARH3, indicating that it could transition into a more open conformation ( Figure S6 ).
Comparison of hARH1 and LchARH3 reveals a high degree of structural conservation within the active site, with the placement of the metal ions being absolutely isostructural (Figures 1E and 2A) . However, several features make the active sites distinct:
(1) Helix a2 in hARH1 is replaced by a short loop region between helix a1 and a2 in LchARH3. (2) The interface between quasidomain A and D leading into the potential protein binding surface is opened up in ARH1 due to the relative rotation of the proximal ribose and the presence of the adenosine binding loop, which would clash with the position of loop 13 in ARH3 containing Ile260 ( Figure 2A) . (3) The absolutely conserved asparagine (Asn137 in LchARH3) is replaced by a similarly conserved cysteine (Cys129 in hARH1) decreasing the polarity of the lower C4 00 /C5 00 binding interface. Finally, (4) differences in the quasidomain B loop running along the edge of the binding cleft (loop 8 in hARH1 and loop 5 in LchARH3, respectively) account for an increased shielding of Mg I in hARH1.
Together these data suggest that differences in ADPr recognition between ARH1 and ARH3 mostly result from differences in the adenosine pyrophosphate interaction. Although both The reactions were then supplemented with WT and mutant hARH1 as indicated (see Figure S3 for further details). (C) Mutation analysis of metal coordinating residues of LchARH3. Histone H3 peptide (aa 1-20) was serine ADP-ribosylated by PARP1 in presence of HPF1. The reaction was stopped with olaparib and supplemented with WT and mutant LchARH3 as indicated (see Figure S3 for further details). (D) Analysis of the effect of metal substitution on ARH3 activity. Mg II was stripped form hARH3 and LchARH3 as described in STAR Methods and activity assay performed in presence of 100 mM of the indicated metal salt. (E) Assessment of the effect of metal substitution on ARH3 stability by differential scanning fluorimetry (DSF). Mg II -depleted hARH3 and LchARH3 (described in STAR Methods) were supplemented with 100 mM of the indicated metal salt prior to the start of the assay. Curves represent normalized averages of triplicate (hARH3) or sextuplicate (LchARH3) measurements (see Table 2 for further details). (F) K d values were determined by DSF approach. Sixteen metal salt dilutions were distributed around the estimated K d value. Melting temperature data were fitted using a single-site ligand-binding model. Note, the two highest calcium concentrations (open diamonds) were excluded from the fit as they consistently showed signs of increased protein instability. The represented data are derived from triplicate measurements ± SD. for orientation (see Figure S5 for further details).
See also Figures S1-S3 and S5 and Table S2 . proteins show few differences in the immediate active site, differences in the potential binding surfaces are likely to contribute to substrate specificity.
Differential Inhibition of ARH1 and ARH3 by ADPr Analogues
In order to probe whether the differences between the active sites have an effect on substrate recognition, we used the ADPr analogues adenosine diphosphate (hydroxymethyl)pyrrolidinediol (ADP-HPD) and -monoalcohol (ADP-HPM). These compounds were originally designed as PARG inhibitors and contain pyrrolidine instead of the distal ribose as well as differing in the number of hydroxyl substituents ( Figure 3A ). The synthesis of ADP-HPM, which is not commercially available, was updated to include an improved pyrophosphate coupling method and streamlined protecting group strategy. The only reported synthesis of ADP-HPM was accomplished in nine steps (9% overall yield) and relied on poor-yielding pyrophosphate formation that required 5 days to complete (Koh et al., 2003) . By implementing a rapid P(III)-P(V) coupling, we accomplished the synthesis in seven steps (37% overall yield) ( Figure S7A ; see STAR Methods for detailed synthesis description). This updated synthesis route is versatile and can be adapted to other ADPr analogues as demonstrated by the synthesis of ADP-HPD ( Figure S7B and STAR Methods). Using in vitro generated substrates (arginine ADP-ribosylated whole cell lysate as a substrate for ARH1 and serine MARylated histone H3 peptide as a substrate for ARH3), we noticed a striking difference in the inhibitory potential of ADPr and its analogues for ARH1 and ARH3 ( Figures 3B and 3C ). While ADPr and ADP-HPD inhibited ARH3, both had only mild activity against hARH1. ADP-HPM appeared to have only minor inhibitor potential against either of the enzymes. To further confirm these findings, we used the recently developed substrate analogue 4-(trifluoromethyl)umbelliferone ADPr (TFMU-ADPr) (Drown et al., 2018) and measured the fluorescence response in absence and presence of the inhibitors ( Figure 3D and Table 3 ). While hARH3 was inhibited by ADP-HPD and ADP-HPM (K i of 0.58 ± 0.12 mM and 54.2 ± 4 mM, respectively), the K i of hARH1 was too high to be determined reliably. After the optimization of assay conditions (see STAR Methods), we were able to determine IC 50 values for both hARH1 and 3 ( Figure 3E and Table 3 ). In line with the previous results, hARH3 is most efficiently inhibited by ADP-HPD and to a lesser extent by ADPr and ADP-HPM (IC 50 of 0.587 mM, 3.2 mM, and 480 mM, respectively). Due to the low inhibitory activity, IC 50 values for hARH1 could only be determined for ADPr and ADP-HPM (228 mM and 164 mM, respectively), whereas no inhibition by ADP-HPD could be observed under these conditions. In order to elucidate further the selectivity of these inhibitors, we performed crystallization experiments with hARH1 and LchARH3 in the presence of these ligands and solved the structures of the hARH1:ADP-HPM, LchARH3:ADP-HPD, and LchAR-H3:ADP-HPM complexes (Table 1 ). In addition, our recent study showed that the inosine analogue of TFMU-ADPr, TFMU-IDPr, is a selective substrate for hARH3 and that in situ generation of arginine-ADPr (Arg-ADPr) is a potent, cellular inhibitor of hARH3 (Drown et al., 2018) . To understand this selectivity, we also solved the structures of LchARH3:IDPr and LchARH3:Arg-ADPr (Table 1 ). The complexes show very good agreement with the models described above (Table S1 ). The most striking feature is the absence of Mg II from the hARH1:ADP-HPM and LchARH3: ADP-HPM complexes ( Figures 3F, 3H , S2A, and S2B). The hARH1:ADP-HPM complex shows an inversion of the pyrrolidine moiety caused by the in ring nitrogen, which clashes with the backbone nitrogen of Gly100. This orientates the C1 00 position into the Mg II binding site, expelling the Mg 2+ ion, even though the crystallization condition contained 50 mM magnesium acetate. Coordination of ADP-HPM by LchARH3 leads also to loss of Mg II , albeit through a different mechanism. In fact, the pyrrolidine makes no direct contacts with Mg I , but contacts Asp63 via the in ring nitrogen and Glu33 via the 2 00 OH. Due to this placement, a water (w518) has to occupy the Mg II binding site in order to achieve octahedral coordination of Mg I , thus preventing the coordination of a second Mg 2+ ion. In contrast, the orientation of ADP-HPD in the active site is similar to ADPr ( Figures 1E, 3G , and S2A). The only differences are that the 2 00 OH moiety of ADP-HPD is bridging Mg I and Mg II and a flip of C5 00 rotates the pyrrolidine ring slightly away from the Mg 2+ ions allowing for a more relaxed conformation. The same conformation is adopted by IDPr and Arg-ADPr with the difference that Arg-ADPr makes further contacts with the attached arginine side chain, specifically N 3 and N h2 interact with Glu33 and N h1 with Gly101, whereas a mixture of a-and b-anomers at the 1 00 OH of IDPr is observed. Exchange of adenosine for inosine had no discernible influence on the placement of the purine ring within the structure. Also noteworthy, the b-form of the distal ribose is strained due to close contacts with Asp63 and Gly101 ( Figures 3I, 3J , and S2A), which could assist in product release post-catalysis.
Together our data suggest that the differences in binding affinity result from a complex interplay of coordination losses (Mg II ), (C) Analysis of hARH3 (left) and LchARH3 (right) inhibition by ADPr, ADP-HPD, and ADP-HPM. The reactions were supplemented with WT ARH3 and increasing amounts of compound (1, 5, 10, 50, 100, 250, 500, and 1,000 mM) as indicated (see Figure S4B as well as establishment of new contacts in the active site (e.g., the positively charged HPM nitrogen with Ser305 in the hARH1 structure). Notwithstanding, certain trends become apparent:
(1) The anomerization at the C1 00 of the distal ribose appears to have a negative influence on the binding strength. Indeed, it was shown previously by us and others that both ARH1 and ARH3 can only hydrolyze a-linked ADP-ribose (Moss et al., 1986; Voorneveld et al., 2018) . The structures now give rationale to this observation as the b-form would require rotating of the ribose ring plane, which in turn may influence the coordination with Mg I and Mg II . (2) The coordination of Mg II is relatively weak and displacement can be favorable for ligand binding. (3) The affinity of ARH1 for the tested compounds is low, which may indicate that further enzyme-substrate contacts are required for the formation of a catalytic complex. From these data we conclude that even though ARH1 and ARH3 have strikingly similar distal ribose binding sites, it is possible to design chemical probes that can distinguish between the two enzymes.
DISCUSSION
In the present study, we describe the ligand-bound structures of the ARH family members ARH1 and ARH3. Our data indicate that despite the highly specialized reactions they catalyze, with ARH1 hydrolyzing ADP-ribosyl linkages to arginine and ARH3 to serine residues Moss et al., 1988) , these enzymes are very similar, in particular with respect to their active sites. The structures presented here provide critical insights into their mode of enzyme-ligand interaction, help us to understand the differences in their catalytic behavior, and present a useful tool for targeted drug design.
One major distinction between the structures of ARH1 and ARH3 is the coordination of the adenosine pyrophosphate moieties, which has direct consequences for their substrate interactions. The ability of ARH3, but not ARH1, to degrade PAR chains (Niere et al., 2012; Oka et al., 2006) has implicated it in PARP1-mediated cell death, where it guards against cell death through its ability to degrade PAR chains (David et al., 2009; Mashimo et al., 2013) . Our structures suggest that ARH3 is able to bind and cleave PAR chains both in an endo and exo manner, thus allowing the degradation of both attached and free chains. This is due to the orientation of the proximal ribose, which exposes both the 2 0 and 3 0 OH toward the enzyme surface, with hardly any limitations to the attachment of further ADPr units. In contrast, the proximal ribose in ARH1 is coordinated by the rigid adenosine binding loop (loop 16). The resulting orientation aids selectivity toward MARylated substrates, which aligns well with previous reports that ARTCs are mono-specific transferases (Corda and Di Girolamo, 2003) .
Given the different substrate specificities, ARH1 preferentially cleaves N-glycosidic and ARH3 O-glycosidic bonds, the similarities between the active centers is surprising. All major contacts needed for the orientation of the distal ribose appear to be conserved, which includes the coordinated Mg 2+ ions as well as interaction with Ala98 and Asp302 (hARH1) and Gly101 and Asp303 (LchARH3), respectively. However, the 1 00 OH in the LchARH3:ADPr complex appears to take part in the second coordination sphere of Mg II , whereas this is not the case in the hARH1:ADPr complex. In the latter, the ADPr takes on a more relaxed conformation, which is mimicked in the LchARH3:ArgADPr and :ADP-HPD complexes, thus suggesting that an a-linked oxygen draws the ribose ring closer to the magnesium ion. A second striking aspect of the Mg II coordination is the placement of an absolutely conserved glutamic acid crucial for full catalytic activity (Glu25 in hARH1 and Glu33 in LchARH3, Figures S3 and 2C) . While this glutamate coordinates Mg II in the earlier reported human apo structure (PDB: 2FOZ) (MuellerDieckmann et al., 2006) , our data show that it is not strictly necessary for Mg 2+ coordination ( Figures 1E and 2A) . During revision, structures of the hARH3:ADPr complex became available, highlighting an even greater degree of flexibility in glutamic acid positioning ( Figure S1C ) (Pourfarjam et al., 2018; Wang et al., 2018) . While the mode of ADPr coordination between hARH3 and LchARH3 is very similar overall, a key differences is the coordination of 2 00 OH at the distal ribose. In our structures, this moiety is either coordinating Mg I (ADPr structure) or bridging between the Mg 2+ ions (ADP-HPD, Arg-ADPr, and IDPr). In contrast, the distal ribose of the hARH3:ADPr complex is rotated away from the binuclear metal center allowing the bridging water of the apo form to remain albeit in very close proximity (2.14 ± 0.11 Å ) to the 2 00 OH group. It is interesting to note that in hARH1 Glu25 is part of the short helix a2, which is replaced by a short loop with Glu33 positioned at the end of helix a1 in LchARH3. This exchange imposes different constraints on the flexibilities of these residues during catalysis. Finally, the structure of the LchARH3:ADPr complex from the initial crystal system prior to optimization (PDB: 6G1Q, this study) suggests that while ligand binding is possible in the absence of Mg II , the specific arrangement of ADPr cannot be maintained in the active site. The low K d of magnesium on its own ($5.4 mM for hARH3, $2.3 mM for LchARH3; Figures 2F and 2G) , together with the apparent low concentration needed to restore activity ($50 mM, Figure S2C ), suggests that the substrate contributes to the stabilization of the binuclear metal center. This dissociative tendency is highlighted by the structures of hARH1:ADP-HPM and LchARH3:ADP-HPM, which lack Mg II in their active site, despite the presence of magnesium in the final crystallization condition (50 mM and 10 mM, respectively). The inability to coordinate Mg II could account for the dramatic drop in K i and IC 50 observed for ARH3 (Table 3 ). This mode of inhibition stands in contrast to the structural studies on ADP-HPD as a PARG inhibitor (Kim et al., 2012; Lambrecht et al., 2015; Tucker et al., 2012) . In PARG, the substrate is bound in a strained conformation due to the presence of a conserved phenylalanine (Phe875 in human PARG), which forces the distal ribose, in particular the linkage 1 00 carbon, toward the catalytic loop. This conformation is further stabilized by extensive contacts between the Phe875 containing loop and the pyrophosphate moiety. Together this leads to a closed conformation and restricts the possibility of movement in the distal ribose. Consequently, comparison of ADPr (PDB: 4B1H), ADP-HPD (PDB: 4B1J), and ADP-HPM (this study; Figure S2D , Tables 1and S1) -bound PARG structures revealed little difference in the mode of binding (Figures S7A and S7C) . The strained conformation, however, brings the ribose ring oxygen into the proximity of the P a phosphate, which could stabilize the oxocarbenium reaction intermediate and explain the higher potency of ADP-HPD, which has a positively charged pyrrolidine nitrogen, in comparison with ADPr.
In contrast, both ARH1 and ARH3 complexes show a relaxed ADPr conformation ( Figures 1E, S2A , and S2B), which precludes a theoretical oxocarbenium-phosphate interaction. Together with the few restrictions on movement of the distal ribose in the active site, these findings offer several potential explanations: (1) formation of a short-lived oxocarbenium intermediate, (2) movement of the substrate during the catalytic mechanism, or (3) a mechanism that does not involve the formation of an oxocarbenium intermediate. While we cannot rule out (1) or (2), our findings and earlier reported data support a mechanism in which the distal ribose is orientated in the active site via interactions with both Mg 2+ ions (Figure 4) . In this strained conformation, the scissile bond becomes susceptible to a base-mediated S N 2 attack of a nucleophilic water from the second coordination sphere. The intermediate serine oxyanion is stabilized by the interaction with Mg II , while the distal ribose obtains a more relaxed conformation and leaves the immediate catalytic site. The serine is subsequently protonated and released. Given the importance of Glu33 for the catalytic mechanism, its high flexibility ( Figure S1C ) and no alternative reversible protonatable residues in the catalytic center, we propose that it acts as acid/base in the reaction cycle and assists the serine release by coordinating Mg II after the protonation step.
Our structures also give important insights into the development of selective inhibitors with three hotspots for modification:
(1) As demonstrated with the development of a selective TFMUIDPr substrate, selectivity can be achieved by using the differences in adenosine ribose binding. The coordination of the IDPr purine in LchARH3 is isostructural to the one of ADPr, suggesting that exchanges at the C6 position (and verisimilar the pyrimidine positions 1 to 3) are well tolerated by ARH3. In contrast, in PARG, the C6-linked amino group makes an electrostatic contact with Glu727 and water molecules. The former contact is not possible with an inosine ring, whereas the effect on water coordination is less clear, but the relative buried coordination of the purine ring indicates that an alteration of the water network could be detrimental for binding. The coordination of ADPr and IDPr in the LchARH3 structures suggests that substitution at the pyrimidine should be tolerated well by ARH3, whereas this position is more shielded in both PARG and ARH1. (2) Comparison of the potency of ADP-HPD and -HPM as ARH3 inhibitors as well as our differential scanning fluorimetry (DSF) data suggests that the stabilization of the binuclear metal center could increase the efficiency of inhibitors. Alternatively, displacement of the labile Mg II with favorable contacts could have similar effects. (3) The LchARH3:Arg-ADPr complex suggests that further functionalization, here the attachment of a guanidino moiety to the C1 00 position, is responsible for the improved inhibition compared with ADPr and ADP-HPD. The guanidino moiety makes several contacts with the catalytic Glu33, which stabilizes the ARH3:Arg-ADPr complex and limits the flexibility of the Glu33 side chain required for catalysis. Given the importance of ARH1 as a tumor suppressor (Kato et al., 2011) and its involvement in the defense against bacterial toxins (Kato et al., 2007) , as well as the emerging role of ARH3 in the DDR and neurodegenerative disorders (Ghosh et al., 2018; Palazzo et al., 2018) , such pharmacological tools would be highly desirable, not only to further elucidate their physiological functions, but also for their potential as therapeutic targets. For example, PARG is being investigated as a chemotherapeutic target and promising inhibitors for it were recently discovered (Gravells et al., 2017; James et al., 2016) , but the overlap in function between PARG and ARH3 remains to be elucidated. PARG activity appears to decrease with decreasing chain length and only low activity against oligomers of fewer than five units could be detected (Barkauskaite et al., 2013; Hatakeyama et al., 1986; Uchida et al., 1993) . This opens up the possibility that ARH3 rather than PARG hydrolyzes these short chains. Furthermore, the ability of ARH3 to degrade PAR chains of any length may allow ARH3 to partially compensate for the effect of PARG inhibition, thus making it an interesting target to further increase the effect of PARG inhibition. SIGNIFICANCE ADP-ribosylation is an important process for cell homeostasis as it participates in the regulation of a wide variety of cellular processes, including DNA damage repair, aging, immunity, bacterial metabolism, and many others. (ADPribosyl)hydrolases (ARHs) catalyze the removal of specific ADP-ribosyl modifications from proteins with arginine-or serine-ADP-ribose linkages. Whereas ARH1 is specific for the N-glycolytic linkage of mono(ADP-ribosylated) arginines, ARH3 specifically cleaves the O-glycolytic linkage of mono(ADP-ribosylated) serine and, at least in vitro, other linkages as well, such as those in poly(ADP-ribose) chains. Our kinetic and structural analyses of ARH1 and ARH3 point out their catalytically important residues and reveal the structural basis for the differences between the substrate specificity and inhibitor affinity of these enzymes. These findings will provide further opportunities to design new targeted ADP-ribose derivatives to modulate the activities of other members of the ARH family. The therapeutic potential of such new molecules shows great promise and is worth exploring since ARH1 is an important tumor suppressor and involved in the defense against bacterial toxins, and ARH3 has an emerging role in the DNA damage response.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Escherichia coli JM109 and Rosetta (DE3) cells were grown in LB medium supplemented with 2 mM MgSO 4 and antibiotics appropriate for each expression plasmid at 37 C. Human HeLa cell (Female, 31 years old) were cultured in DMEM supplemented with 10% FBS and penicillin-streptomycin (100 U/mL) at 37 C in humidified atmosphere containing 5% CO 2 .
METHOD DETAILS Plasmid Construction
The coding sequence of hARH1 was amplified from a pDEST17-ARH1 vector and cloned into pET-41a(+) via the NcoI/XhoI restriction sites introducing a short N-terminal His-tag. Sequences of PmaARH3 (GenBank: XP_015504659; aa residues 19-370), XtrARH3 (GenBank: CAJ81573.1; full length) and LchARH3 (GenBank: XP_005988572; aa residues 10-362) were codon optimized for expression in E. coli, gene synthesized (GeneArt TM ; Thermo Fisher Scientific) and cloned into pET-9H 3 (Rack et al., 2015) using the vector's NcoI/BamHI sites. Expression vectors for hARH3, HPF1, PARP1, PARG and mARTC2.2 were described earlier Gibbs-Seymour et al., 2016; Lambrecht et al., 2015; Langelier et al., 2011; Mueller-Dieckmann et al., 2002; Tucker et al., 2012) . All indicated mutations were introduced via PCR based site-directed mutagenesis.
Sequence Alignments
The multiple sequence alignment of ARH1 and ARH3 proteins was generated using JalView 2.8.0b1 (Waterhouse et al., 2009 ) and the MAFFT L-INS-I algorithm implemented therein (Katoh and Toh, 2010) . Alignment representations were created with ALINE (Bond and Schuttelkopf, 2009) . Sequence details and accession numbers are given in Table S3 .
Protein Expression and Purification
For Biochemistry Expression of recombinant proteins in Rosetta (DE3) cells was induced at OD 600 0.6 with 0.4 mM IPTG, cells were grown overnight at 290 K and harvested by centrifugation. Recombinant His-tagged proteins were purified at 277 K by Ni 2+ -NTA chromatography (Jena Bioscience) according to the manufacturer's protocol using the following buffers: all buffers contained 50 mM TrisHCl (pH 8) and 500 mM NaCl; additionally, the lysis buffer contained 25 mM, the washing buffer 40 mM and the elution buffer 500 mM imidazole. For purification of the ARH proteins all buffers also contained 10 mM MgCl 2 . All proteins were dialysed overnight against 50 mM TrisHCl (pH 8), 200 mM NaCl, 1 mM DTT and 5% (v/v) glycerol. Purity of the protein preparations was assessed using SDS-PAGE and Coomassie Brilliant Blue (CBB) staining ( Figure S2E ). For Differential Scanning Fluorimetry (DSF) LchARH3 WT was purified as described above and dialysed against 50 mM TrisHCl (pH 8), 200 mM NaCl, 20 mM EDTA, 1 mM DTT and 5% (v/v) glycerol. EDTA was removed by dialysing twice against 50 mM TrisHCl (pH 8), 200 mM NaCl, 1 mM DTT and 5% (v/v) glycerol. Each dialysis step was carried out with a minimum 1:1,000 ratio of sample to buffer. Only samples with purity >90% (as assessed by SDS-PAGE) were used for subsequent DSF experiments. For Crystallisation hARH1 underwent affinity purification over a HisTrap HP column (GE Healthcare), followed by anion exchange chromatography using a HiTrap Q HP column (GE Healthcare) using buffer A (50 mM TrisHCl [pH 8]) and B (50 mM TrisHCl [pH 8], 1 M NaCl) and a gradient elution of 3-100% B and size exclusion chromatography using a HiLoad Superdex 75 pg column (GE Healthcare) with 10 mM Bis-Tris propane (pH 7.6), 100 mM NaCl and 1 mM DTT as elution buffer. LchARH3 was affinity purified over a HisTrap HP column, followed by dialysis against 50 mM TrisHCl (pH 8), 500 mM NaCl, 20 mM imidazole and 1 mM DTT in presence of HRV3C protease for proteolytic cleavage of the His-tag. Removal of the uncleaved protein was achieved by rebinding to a HisTrap HP column and the protease was removed by binding to a GSTrap 4B column (GE Healthcare). The final step involved size exclusion chromatography using a HiLoad Superdex 75 pg column with 10 mM PIPES (pH 7), 100 mM NaCl and 1 mM DTT as elution buffer.
PARG was expressed and purified as described earlier (Lambrecht et al., 2015; Tucker et al., 2012) . Briefly, PARG pellets were resuspended in homogenisation buffer (50 mM TrisHCl [pH 8], 400 mM NaCl, 5 mM b-mercaptoethanol, 5 mM imidazole, 0.3 mg/mL lysozyme, 2.5 U/mL Benzonase (Novagen) and cOmplete TM EDTA-free protease inhibitor (Roche)) and homogenized. The cleared lysate underwent affinity purification over a HisTrap HP column (GE Healthcare), the affinity tag was cleaved using TEV protease and separated from uncleaved protein by subtractive IMAC over a HisTrap HP column (GE Healthcare). The cleaved protein underwent size exclusion chromatography using a HiLoad Superdex 200 pg column with 50 mM HEPES (pH 7), 150 mM NaCl and 2 mM DTT as elution buffer.
Proteins were concentrated using Vivaspin 20 columns (GE Healthcare).
Sample Analysis and Antibodies
Reactions for analysis were stopped by adding LDS sample buffer and incubation for 5 min at 90 C. Subsequently the samples were resolved by SDS-PAGE and either vacuum dried for autoradiography or transferred onto a nitrocellulose membrane. Immunoblot analyses were carried out using primary and secondary antibodies as indicated. Proteins were detected by enhanced chemiluminescence (Pierce).
(ADP-ribosyl)hydrolase Activity Assays ARH1: Removal of Arg-ADP-ribosylation from HeLa Cell Extracts In vitro modification of proteins from HeLa cell extracts by mARTC2.2 recombinant protein was performed, with minor modifications, as described earlier . Briefly, cells were grown to confluence on two 10-cm dishes, washed thrice with 50 mM TrisHCl (pH 7.5) and 200 mM NaCl and lysed in 800 mL of 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 0.2 mM DTT and 1 mM olaparib at 4 C supplemented with cOmplete TM EDTA-free protease inhibitor (Roche). The cell extract was clarified by centrifugation. 12 uL of extract per reaction were supplemented with 15 mM MgCl 2 , 1 mM mARTC2.2 and 1 mCi 32 P-NAD + and incubated for 15 min at 30 C. Lysates were further incubated in presence of hydrolases for 45 min at 30 C. Reactions were stopped by addition of LDS sample buffer (Life Technologies) and incubation at 95 C for 3 min. Samples were then analysed by SDS-PAGE and autoradiography. For inhibitor study the hARH1 was pre-incubated with indicated amount of inhibitor for 5 min at RT. ARH3: Degradation of PAR and De-modification of Ser-ADP-ribosyl H3 Peptide ARH3 activity assays were performed essentially as described . Briefly, H3 peptide (aa 1-20, biotinylated) was modified by incubation with 0.5 mM PARP1, 1 mM HPF1 and activated DNA (Trevigen) in assay buffer (50 mM TrisHCl [pH 8], 200 mM NaCl, 2 mM MgCl 2 , 1 mM DTT, 10 mM NAD + and 1 mCi 32 P-NAD + ). Reactions were incubated for 30 min at 30 C and stopped by addition of 1 mM olaparib. Reaction were further incubated in presence of 1 mM hydrolase for 1 h at 30 C. Reactions were stopped by addition of LDS sample buffer (Life Technologies) and incubation at 95 C for 3 min. Samples were then analysed by SDS-PAGE, immunoblot and autoradiography. For inhibitor study the ARH3 was pre-incubated with indicated amount of inhibitor for 5 min at RT.
DSF
Assays were performed essentially as described earlier (Vivoli et al., 2014) . Briefly, 10 mM LchARH3 wt EDTA-treated, 10x SYPRO Ò Orange (ThermoFisher Scientific) and indicated amounts of metal salts in assay buffer (50 mM TrisHCl [pH 8], 200 mM NaCl and 1 mM DTT) were thermal denaturated in MicroAmp Ò Fast plates (Life Technologies) in a StepOne qPCR instrument (ThermoFisher Scientific). The initial temperature of 24 C was held for 2.5 min, followed by a ramp to 97.5 C at 0.5 C/45 sec and then 2 min pause at 98 C. Curves were fit using GraphPad Prism 6. For analysis recorded data were cropped two data points after recorded fluorescence signal maximum and the resulting curves fitted using the Boltzman equation
with T M , melting temperature; T, temperature; SLOPE, steepness of curve. For the inference of the binding constant the determined T M 's were plotted and analysed using a single binding site model:
with P, protein concentration; M, metal salt concentration; K d dissociation constant. For the initial metal salt screen 100 mM of indicated salt were added to the sample, whereas for the K d determination 16-point dilution series were added: steps are 2.5-fold dilutions with MgCl 2 starting at 500 mM, CaCl 2 at 300 mM and MnCl 2 at 50 mM.
Enzyme Kinetics and Inhibition Assay
Reactions were performed as described in (Drown et al., 2018) . Briefly, reactions were carried out in 384-well plates using 50 mM Na 2 HPO 4 (pH 7.4), 10 mM MgCl 2 , 5 mM DTT and indicated amounts of TFMU-ADPr as substrate. After shaking for 5 s, fluorescence was recorded at 5 s intervals for 15 min on a Molecular Devices SpectraMax M3 microplate reader (reader settings: l Ex 385 nm, l Em 502 nm, l cutoff 495 nm, 6 reads/well, low gain). Initial reaction rates were determined by fitting the linear portions of reaction progress curves. Initial rates were plotted against substrate concentration and fit to the Michaelis-Menton equation using a non-linear curve-fitting algorithm in GraphPad Prism 6.
For inhibitor studies enzymes and inhibitor were pre-incubated for 5 min at RT before addition of substrate. Percent inhibition was calculated with the no enzyme and no inhibitor reactions as positive and negative controls, respectively. Dose-response curves were fit using GraphPad Prism 6.
Crystallisation hARH1 for crystallisation was expressed as described above and purified protein concentrated to 500 mM ($20.3 mg/mL). Initial hARH1 crystallisation condition for protein supplemented with 2.5 mM ADPr were identified using the ProPlex matrix screen (Molecular Dimensions). Reproducible crystals grew under various condition using ADPr containing crystals as seed stock as follows: crystals were grown at 292 K by sitting-drop vapour diffusion in MRC 96 well plates (Molecular Dimensions) by mixing 200 nL purified protein supplemented with 2.5 mM ligand with 50 nL seed stock and 250 nL of precipitant solution. Seed stock was prepared using Seed Bead TM (Hampton Research) with several crystals and mother liquor to 50 mL as stabilizing solution. For ADPr containing crystals the precipitant solution consisted of 200 mM magnesium formate, 20% (w/v) PEG3350 and for ADP-HPM crystals of 100 mM magnesium acetate, 100 mM MOPS (pH 7.5) and 12% (w/v) PEG8000. The crystals were cryoprotected by dipping them into a solution of 18% (v/v) glycerol in precipitant solution and vitrified by submersion in liquid nitrogen. LchARH3 for crystallisation was expressed as described above and purified protein concentrated to 300 mM ($11.5 mg/mL). Initial LchARH3 crystallisation condition for the unligated protein were identified using the Structure Screen 1 & 2 HT-96 screen (Molecular Dimensions). Reproducible crystals for structure determination and soaking experiments were grown at 292 K by the sitting-drop vapour diffusion method in MRC 96 well plates (Molecular Dimensions) in 100 mM sodium citrate (pH 4.6-5.6), 21-27% (w/v) PEG4000 and 200 mM ammonium acetate. For determination of the ADPr complex with the initial crystal system prior to optimisation, the crystals were soak 3 h with 10 mM ADPr. Apo and ADPr complex crystals were vitrified by transfer into mother liquor supplemented with 16 % (v/v) ethylene glycol for 5 sec prior to submersion in liquid nitrogen. Subsequently, crystal conditions were optimized by addition of 10 mM MgCl 2 and 10 % (v/v) glycerol to the protein sample prior to set-up of crystal conditions. For ADPr and analogue complexes, apo crystals were soaked for 3 h with 10 mM ADPr, 10 mM ADP-HPD, 10 mM IDPr and 10 mM Arg-ADPr as well as for 74 h with 5 mM ADP-HPM in mother liquor containing 10 mM MgCl 2 and 6 % (v/v) glycerol. All optimized crystals were vitrified by transfer into mother liquor supplemented with 20% glycerol for 5 sec prior to submersion in liquid nitrogen. PARG was crystallised as described earlier (Lambrecht et al., 2015; Tucker et al., 2012) . Briefly, PARG was concentrated to 7.5 mg/mL in SEC buffer, supplemented with 1 mM ADP-HPM and crystals were grown at 292 K by sitting drop vapour diffusion by mixing in MRC 96 well plates (Molecular Dimensions) in 200 mM ammonium sulphate, 100 mM PCTP (pH 7.5) and 19% (w/v) PEG3350. Crystals were cryoprotected in a solution of 20% (v/v) glycerol in mother liquor and vitrified in liquid nitrogen.
X-ray Data Collection, Processing and Refinement X-ray diffraction data were collected using synchrotron radiation at Diamond Light Source (Rutherford Appleton Laboratory, Harwell, UK) (Table 1 ) and processed using Xia2 (Winter et al., 2013) . hARH1 structure was solved via molecular replacement using PHASER (Storoni et al., 2004) with a model produced from human ARH1 protein (PDB 3HFW), LchARH1 structure was solved with a model derived from human ARH3 (PDB 2FOZ) and PARG structure was solved with a model derived from human PARG (PDB 5A7R). Model building for all structures was carried out in COOT (Emsley et al., 2010) and real space refinement with REFMAC5 (Murshudov et al., 1997) within CCP4i2 (Potterton et al., 2018) . Datasets from the initial crystal system prior to optimisation had higher R-factors than expected post-refinement. Analysis of the collected data indicated that the datasets for hARH1 and LchARH3 suffered from translational pseudo-symmetry (TPS). Improvements of the crystallisation conditions for LchARH3 appears to have reduced the amount of TPS, which coincided with improved R-factors. Metal coordination was validated using the CheckMyMetal (CMM) server (Table S2) (https://csgid.org/csgid/metal_sites/) (Zheng et al., 2014 (Zheng et al., , 2017 , structural figures were prepared using PyMOL (Molecular Graphics System, Version 1.8 Schrö dinger, LLC), Protein-ligand interaction figures were produced with LigPlot + (Laskowski and Swindells, 2011) and polder OMIT maps were calculated using the PHENIX implementation of the algorithm (Adams et al., 2010; Liebschner et al., 2017) .
Synthesis of IDP-ribose TFMU-IDPr (4.8 mg, 6.0 mmol) was dissolved in 15 mL ARH3 reaction buffer (50 mM Na 2 HPO 4 , 10 mM MgCl 2 , 5 mM DTT, pH 7.4) and hARH3 was added to a final concentration of 1 mM. Mixture was incubated at 37 C for 12 h. Protein was removed from reaction mixture by 3 kDa MWCO centrifuge filtration and filtrate was lyophilized. The solid was redissolved in solvent A (20 mM Et 3 N,HOAc (pH 7.2)) and subjected to ion-pairing preparative HPLC using Luna C18 21.5x150mm column with solvent A to solvent B (acetonitrile) gradient of A:B (20 mL/min): 98:2, 0 min; 98:2, 2 min; 75:25, 16 min; 75:25, 23 min; 40:60, 27 min, 40:60, 30 min. Fractions were analysed by LCMS to identify which contain IDPr. Fractions containing IDPr were lyophilized and redissolved in H 2 O. Triethylammonium cation was exchanged for ammonium by passing through Dowex 50WX2 (ammonium form). Flow through was lyophilized to give a pale yellow solid (3.2 mg, 89% Chemical Synthesis of ADP-HPM and ADP-HPD All reactions sensitive to air and/or moisture were carried out in oven-dried (>100 C) glassware under nitrogen atmosphere and under anhydrous conditions otherwise noted. N,N,N',N'-tetraisopropyl 9-methylfluorenylphosphoramidite was synthesized as described before (Hofer et al., 2015) , acetonitrile, dichloromethane, N,N-dimethylformamide and tetrahydrofuran used in reactions were obtained from a solvent dispensing system. All other reagents were of standard commercial purity and were used as received. Analytical thin-layer chromatography was performed on EMD Merck silica gel plates with F254 indicator. Silica gel for column chromatography was purchased from Sorbent Technologies (40-75 mm particle size). Preparative C18 chromatography was performed using a Teledyne Isco CombiFlash Rf system with CombiFlash Gold columns. 
Synthesis Protocol of ADP-HPM N-Fmoc-trans-4-hydroxyproline Methyl Ester
To a suspension of trans-4-hydroxyproline methyl ester (900 mg, 4.95 mmol) in CH 2 Cl 2 (25 mL) were added DIPEA (1.41 mL, 10.9 mmol) and FmocCl (1.41 g, 5.45 mmol) at 0 C. After stirring at room temperature for 10 h, the reaction was quenched with water. The organic layer was separated and the aqueous layer was extracted with CH 2 Cl 2 . The combined organic layer was washed with brine, dried over MgSO 4 , filtered and concentrated under reduced pressure. The residue was subjected to silica gel column chromatography (55% to 75% ethyl acetate/hexane) to afford N-Fmoc-trans-4-hydroxyproline methyl ester (1.56 g, 86%) as a white solid. NMR signals were observed as 1:1 rotamers.
1 H NMR (500 MHz, CDCl 3 ): 7.75 (dd, J = 7.5, 2.5, 2H), 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.30 (t, J = 7.4, 2H), 3H), 1H), 0.5H), 0.5H), 2H) 20, 173.14, 155.14, 154.94, 144.10, 144.01, 143.85, 143.61, 141.36, 141.31, 127.78, 127.75, 127.16, 125.19, 125.10, 124.97, 120.05, 120.04, 120.01, 70.11, 69.24, 67.84, 67.69, 58.02, 57.66, 55.35, 54.72, 52.51, 52.45, 47.29, 47.21, 39.35, 38.46 .
HRMS ( 32, 173.25, 155.11, 154.67, 144.27, 144.12, 144.02, 143.83, 141.42, 141.40, 127.78, 127.73, 127.19, 127.14, 125.23, 125.19, 125.14, 125.04, 120.08, 120.04, 120.02, 70.60, 69.72, 67.68, 67.66, 58.13, 57.77, 55.32, 55.02, 52.47, 52.40, 47.39, 47.26, 40.13, 39.09, 25.84, 18.10, -4.65, -4.70, -4.71, -4.74 .
HRMS ( 25, 143.99, 143.89, 141.40, 141.38, 127.79, 127.12, 125.08, 125.04, 120.07, 120.04, 69.83, 67.67, 66.50, 59.68, 56.11, 47.29, 38.00, 25.82, 18.07, -4.66, -4.75 .
HRMS ( 0.648 mmol) and (iPr 2 N) 2 P(OFm) (399 mg, 0.935 mmol) in CH 2 Cl 2 (6.5 mL) was added tetrazole (0.45 M solution in CH 3 CN, 1.87 mL, 0.842 mmol) at 0 C. After stirring at that temperature for 3 h, the mixture was diluted with hexane. Then white precipitate was filtered and the filtrate was concentrated under reduced pressure. The residue was subjected to silica gel column chromatography (short column, eluted rapidly with 15% ethyl acetate/hexane) to afford (iPr 2 N)(OFm)P-O-(Fmoc,TBS-HPM) (464 mg, 92%) as af white solid. Intermediate hydrolysed easily, so was taken forward to next step immediately.
1 H NMR (500 MHz, CDCl 3 ): 7. 83-7.60 (m, 8H), 7.47-7.29 (m, 8H), 4.62-3.48 (m, 14H), 2.26-2.16 (m, 1H) , 2.09-1.99 (m, 1H), 1.27-1.17
(m, 12H), 0.96-0.91 (m, 9H), 0.14-0.09 (m, 6H). 13 C NMR (126 MHz, CDCl 3 ) d 155. 04, 144.98, 144.70, 144.29, 144.23, 144.15, 141.41, 141.36, 141.32, 141.27, 127.68, 127.65, 127.53, 127.50, 127.47, 127.43, 127.15, 127.10, 127.06, 127.02, 126.96, 126.93, 126.89, 125.51, 125.47, 125.29, 125.26, 125.24, 125.19, 125.10, 125.07, 125.03, 120.01, 119.99, 119.90, 119.84, 77.36, 70.57, 70.54, 69.96, 69.93, 67.29, 67.16, 66.41, 66.26, 66.15, 66.07, 65.95, 65.90, 64.52, 64.42, 64.31, 63.62, 63.54, 63.42, 57.35, 57.30, 57.25, 56.82, 55.52, 55.43, 55.33, 49.28, 49.22, 47.38, 43.11, 43.08, 43.02, 42.98, 38.58, 38.38, 37.67, 37.43, 25.87, 24.80, 24.74, 24.68, 24.63, 18.09, -4.61, -4.69, -4.73 
TBS-ADP-HPM Triethylamine Salt
To a solution of adenosinemonophosphate tetrabutylammonium salt (317 mg, 0.539 mmol) and 4,5-dicyanoimidazole (81.8 mg, 0.693 mmol) in DMF (3.85 mL) was added (iPr 2 N)(OFm)P-O-(Fmoc,TBS-HPM) (300 mg, 0.385 mmol, solution in 1.9 mL DMF). The mixture was stirred at room temperature for 30 min and then TBHP (5.5 M in decane, 0.175 mL, 0.963 mmol) was added at 0 C. The mixture was stirred at room temperature for further 30 min and solvents were evaporated. This crude pyrophosphate was dissolved in CH 3 CN (3.85 mL) and water (3.85 mL) and then Et 3 N (1.92 mL) was added for the deprotection of Fmoc and Fm groups. After stirring at room temperature for 12 h, the mixture was diluted with 50% aqueous MeOH and washed with hexane. The aqueous layer was concentrated under reduced pressure and the residue was subjected to cation exchange column (Dowex 50WX8, preequilibrated with Et 3 N in 20% aqueous MeOH). The solvents were evaporated and the residue was subjected to C18 column chromatography (0% to 100% CH 3 CN/water) to afford TBS-ADP-HPM triethylamine salt (198 mg, 69% for 2 steps) as a white solid. ADP-HPM: TBS-ADP-HPM ammonium salt was prepared by the previous procedure with NH 4 OH for pre-equilibration in cation exchange step. To a solution of monoTBS-ADP-HPM (33.8 mg, 0.0514 mmol) in MeOH (1 mL) and water (1 mL) was added TFA (0.5 mL). The mixture was stirred at room temperature for 4.5 h and the solvents were evaporated. The residue was subjected to C18 column chromatography (0% to 100% CH 3 CN/40 mM NH 4 OAc aq) to afford ADP-HPM (22.8 mg, 82%) as a white solid. 34, 152.66, 148.82, 139.57, 118.38, 86.88, 83.61 53, 170.43, 154.43, 154.17, 145.72, 144.16, 144.13, 143.92, 143.80, 141.42, 141.39, 131.13, 129.41, 129.23, 129.14, 127.81, 127.79, 127.74, 127.16, 127.14, 127.12, 125.23, 125.14, 125.04, 124.97, 124.92, 124.87, 124.83, 124.80, 120.08, 120.06, 120.04, 67.68, 67.62, 66.68, 66.23, 54.06, 53.50, 52.56, 52.53, 47.38, 47.30 
N-Fmoc-(2S,3R,4S)-3,4-dihydroxyproline Methyl Ester (HPD-2)
To a stirring solution of HPD-1 (1.59 g, 4.56 mmol) in t-BuOH (20 mL), THF (5 mL) and H 2 O (1 mL) was added OsO 4 as a 0.2 M solution in CH 3 CN (1.0 mL, 0.2 mmol, 4 mol %) and N-methylmorpholine-N-oxide (810 mg, 6.9 mmol, 1.5 eq). Reaction mixture was stirred at RT for 3 h then quenched with satd aq Na 2 SO 3 and diluted with EtOAc (150 mL). Biphasic mixture was stirred for 1 h then separated. Organic layer was washed with satd aq NH4Cl and brine, dried over MgSO 4 , filtered and evaporated. Residue was purified by silica gel chromatography (50% to 75% EtOAc/hexane) to provide expected product as a 9:1 mixture of diastereomers (1.597 g, 91%). 62, 155.22, 154.95, 143.96, 143.86, 143.79, 143.59, 141.37, 127.88, 127.84, 127.22, 125.19, 125.17, 125.07, 124.96, 120.13, 120.09, 75.97, 74.89, 70.68, 69.83, 68.01, 64.81, 64.58, 52.90, 52.80, 51.29, 51.02, 47.24, 47.16 
N-Fmoc-(2R,3R,4S)-3,4-bis((tert-butyldimethylsilyl)oxy)-proline Methyl Ester (HPD-3)
To a stirring solution of HPD-2 (1.52 g, 3.96 mmol) in CH 2 Cl 2 at 0 C added 2,6-lutidine (1.40 mL, 1.30 g, 12.1 mmol, 3 eq) and TBSOTf (2.74 g, 10.4 mmol, 2.6 eq). Reaction mixture was stirred at 0 C for 1.5 h and quenched with H 2 O. Mixture was extracted with CH 2 Cl 2 . Combined organic layers were washed with brine, dried over MgSO 4 , filtered and evaporated. Residue was purified by silica gel chromatography (10% EtOAc/hexane) to provide some fractions of a single diastereomer (1.569 g, 65%) and others as a mixture of diastereomers (459 mg, 19%) . Two rotamers were observed by NMR (55:45). 171.52, 155.10, 154.73, 144.28, 144.13, 144.04, 143.85, 141.48, 141.45, 141.43, 141.41, 127.84, 127.82, 127.75, 127.22, 127.17, 127.14, 125.26, 125.23, 125.16, 125.03, 120.11, 120.06, 77.02, 76.12, 71.82, 71.21, 67.74, 67.67, 65.65, 65.64, 52.57, 52.52, 50.51, 50.49, 47.35, 47.29, 25.98, 25.96, 25.87, 18.28, -4.40, -4.42, -4.45, -4.52, -4.55, -4.56, -4.98, -5 
N-Fmoc-(2R,3R,4S)-3,4-bis((tert-butyldimethylsilyl)oxy)-2-(hydroxymethyl)pyrrolidine (HPD-4)
To a stirring solution of HPD-3 (1485 mg, 2.43 mmol) in THF (24 mL) at 0 C was added lithium borohydride (305 mg, 14 mmol, 6 eq). Reaction mixture was stirred at 0 C for 2 h and then slowly warmed to RT and stirred for an additional 2 h. Reaction was cooled to 0 C and quenched by addition of 1 M HCl. Mixture was diluted with satd aq NH 4 Cl and extracted with EtOAc. Combined organic layers were washed with NaHCO3 and brine, dried over Na 2 SO 4 and evaporated. Residue was purified by silica gel chromatography (25% EtOAc/hexane) to provide white solid (1.10 g, 78%) . 02, 144.07, 143.94, 141.55, 141.48, 127.88, 127.86, 127.21, 127.16, 125.17, 125.09, 120.16, 120.10, 74.59, 71.22, 67.56, 66.05, 64.10, 51.48, 47.43, 25.98, 25.96, 18.27, -4.10, -4.40, -4.47, -4.79 .
HRMS ( 62, 155.58, 155.43, 155.42, 145.22, 145.14, 145.07, 144.86, 144.80, 144.78, 144.45, 144.38, 144.36, 144.31, 144.26, 141.64, 141.61, 141.56, 141.54, 141.48, 129.02, 128.32, 127.91, 127.74, 127.71, 127.34, 127.26, 127.14, 127.08, 125.79, 125.71, 125.46, 125.33, 125.28, 125.25, 125.21, 120.21, 120.10, 120.03, 75.18, 74.92, 74.65, 74.44, 71.48, 71.46, 71.03, 71.01, 67.58, 67.49, 67.32, 66.65, 66.52, 66.48, 66.44, 66.37, 66.32, 66.28, 65.99, 65.94, 65.66, 65.60, 65.53, 65.43, 65.37, 62.27, 62.17, 61.98, 61.88, 61.57, 61.46, 61.30, 61.21, 50.96, 50.85, 50.80, 50.69, 49.52, 49.47, 47.60, 47.55, 43.34, 43.31, 43.27, 43.24, 26.17, 25.03, 24.87, 24.83, 18.50, -4.08, -4.22, -4.34, -4.40, -4.51, -4.60 . Triethylammonium 3,4-bis((tert-butyldimethylsilyl)oxy)-ADP-HPD To a 10 mL flask added tetrabutylammonium AMP (292 mg, 0.497 mmol, 1.4 eq) and 4,5-dicyanoimidazole (76.1 mg, 0.644 mmol, 1.8 eq). Dissolved in 4 mL DMF. HPD-5 (320.8 mg, 0.353 mmol, 1 eq) was added as a solution in 4 mL DMF. Reaction mixture was stirred at RT for 1 h, then cooled to 0 C and t-BuOOH was added as a 5.5 M solution in decane (0.13 mL, 0.72 mmol, 2.0 eq). Reaction was stirred at 0 C for 1 h. Solvent was removed by rotary evaporation (60 C bath temp.). Residue was redissolved in CH 3 CN (5 mL) and H 2 O (5 mL). Triethylamine (3 mL) was added and mixture was stirred overnight at RT. Solvent was removed by rotary evaporation. Tetrabutylammonium cation was exchanged by elution through Dowex 50Wx2 resin (Et 3 N-form). Purification via C18 chromatography was performed, product eluting with $30% CH 3 CN/H 2 O (160.2 mg, 52%). 
N-Fmoc-(2R,3R,4S)-3,4-bis((tert-butyldimethylsilyl)oxy)-2-(hydroxymethyl)pyrrolidine
ADP-HPD
To a stirring solution of TBS-ADP-HPD (142 mg, 0.163 mmol) in 1:1 CH 3 OH:H 2 O (6 mL) was added trifluoroacetic acid (0.75 mL). Reaction mixture was stirred at RT for 2 h. Solvent was removed by rotary evaporation. Residue was purified by ion-pairing chromatography (40 mM Et 3 N,HOAc, pH 6.5). Product-containing fractions were combined and evaporated. Triethylammonium cation was exchanged for ammonium cation by elution through Dowex 50Wx2 resin (NH 4 -form). After lyophilizing twice from H 2 O, obtained ADP-HPD as adduct with one equivalent of ammonium acetate (28 mg, 31%). 
